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Abstract
A form of hereditary cerebellar ataxia has recently been described in the Norwegian Buhund
dog breed. This study aimed to identify the genetic cause of the disease. Whole-genome
sequencing of two Norwegian Buhund siblings diagnosed with progressive cerebellar ataxia
was carried out, and sequences compared with 405 whole genome sequences of dogs of
other breeds to filter benign common variants. Nine variants predicted to be deleterious seg-
regated among the genomes in concordance with an autosomal recessive mode of inheri-
tance, only one of which segregated within the breed when genotyped in additional
Norwegian Buhunds. In total this variant was assessed in 802 whole genome sequences,
and genotyped in an additional 505 unaffected dogs (including 146 Buhunds), and only four
affected Norwegian Buhunds were homozygous for the variant. The variant identified, a T to
C single nucleotide polymorphism (SNP) (NC_006585.3:g.88890674T>C), is predicted to
cause a tryptophan to arginine substitution in a highly conserved region of the potassium
voltage-gated channel interacting protein KCNIP4. This gene has not been implicated previ-
ously in hereditary ataxia in any species. Evaluation of KCNIP4 protein expression through
western blot and immunohistochemical analysis using cerebellum tissue of affected and
control dogs demonstrated that the mutation causes a dramatic reduction of KCNIP4 protein
expression. The expression of alternative KCNIP4 transcripts within the canine cerebellum,
and regional differences in KCNIP4 protein expression, were characterised through RT-
PCR and immunohistochemistry respectively. The voltage-gated potassium channel protein
KCND3 has previously been implicated in spinocerebellar ataxia, and our findings suggest
that the Kv4 channel complex KCNIP accessory subunits also have an essential role in
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voltage-gated potassium channel function in the cerebellum and should be investigated as
potential candidate genes for cerebellar ataxia in future studies in other species.
Author summary
Hereditary ataxias, which are a group of disorders characterised by incoordination of
movement, are typically incurable and there are often no disease-modifying treatments
available. Canine hereditary ataxias are a notable group of movement disorders in dogs,
and represent well characterised naturally occurring disease models of ataxia that can help
improve our understanding of the underlying biology of the disorder in both dogs and
humans. We used the whole genome sequences of two affected siblings to investigate the
genetic cause of a slowly progressive form of hereditary ataxia in the Norwegian Buhund
dog breed, and identified a single base change within the KCNIP4 gene. We have charac-
terised the expression of KCNIP4 in the dog, and investigated the effect of the identified
mutation. This gene has not previously been implicated in inherited ataxia in any species,
and our findings suggest that this and related genes represent potential candidates for
ataxia in future studies in other species. Our findings will allow dog breeders to avoid pro-
ducing affected dogs, reduce the disease allele frequency, and eventually eliminate the dis-
ease from the breed, through the use of a DNA test.
Introduction
Hereditary ataxias are a group of movement disorders, typified by incoordination of gait,
limbs, or eyes, primarily caused by inherited dysfunction of the cerebellum and/or its afferent
or efferent pathways [1]. In humans autosomal recessive and dominant forms of hereditary
ataxia have been reported, in addition to mitochondrial, and, in the case of fragile X tremor-
ataxia, X-linked forms. Inherited ataxias are typically not curable and there are often not any
disease-modifying treatments available [1, 2].
Multiple examples of hereditary ataxia have been described in purebred dogs [3–9].
Although the specific diseases are often rare, and the genetic mutations can be breed-specific,
hereditary ataxia is a key cause of movement disorders in dogs. Canine hereditary ataxia is typ-
ically inherited in an autosomal recessive manner, and disease-causing variants have been
identified for some breeds [3–12]. Some of the genes implicated in canine ataxia had not previ-
ously been associated with disease in humans [12–15], whereas other forms of canine ataxia
are caused by variants within the same genes that are associated with well characterised forms
of human ataxia [4–6, 16]. Canine hereditary ataxia is a naturally occurring disease model and
research into the genetics of ataxia in purebred dogs can help improve the understanding of
the underlying molecular mechanisms of human disease.
Hereditary ataxias in humans are classified by mode of inheritance, whereas in dogs, where
the underlying genetic basis is often less well defined, have recently been classified based on
the clinical signs and the neuronal structures affected [1, 3]. The five classes of canine heredi-
tary ataxia are cerebellar cortical degeneration (CCD), spinocerebellar degeneration, canine
multiple system degeneration (CMSD), cerebellar ataxias without significant neurodegenera-
tion, and episodic ataxias [3].
Different genetic approaches have successfully been used to identify the causal mutations
for canine hereditary ataxia. Homozygosity mapping, linkage analysis, and targeted
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resequencing was used to investigate spinocerebellar ataxia in the Italian Spinone, and identi-
fied a GAA repeat expansion in ITPR1, a calcium channel that regulates intracellular calcium
levels [4]. mRNA sequencing and a candidate gene approach was used to identify an 8bp dele-
tion in SPTBN2 (β-III spectrin, involved in the development of Purkinje cells) causing CCD in
Beagles [16]. Genome-wide association studies (GWAS) have been used to identify the causal
mutations for CCD in Finnish Hounds (SEL1L, targeted degradation of misfolded or unassem-
bled peptides), and Old English Sheepdogs and Gordon Setters (RAB24, which has a role in
autophagy); and spinocerebellar ataxia in Russell Terrier Group dogs (CAPN1, which
encodes μ-calpain, a subunit of calcium dependent cysteine protease) [13–15]. Whole genome
sequencing of single cases of ataxia has been used more recently to successfully identify causal
variants for CCD in the Hungarian Vizsla (SNX14, which has a role in the maintenance of neu-
ronal excitability and synaptic transmission, and is associated with cerebellar ataxia in
humans) [5] and spinocerebellar ataxia in Russell Group Terriers (KCNJ10, a potassium chan-
nel gene) [17]. Both of these studies used control genomes, and predicted effect on the protein
sequence, to filter common benign variants, and then identified variants within candidate
genes for genotyping in additional dogs.
The clinical and histopathological characteristics of hereditary cerebellar ataxia in the Nor-
wegian Buhund have been described previously in a study of four cases presenting with mild
and slowly progressive cerebellar ataxia, characterised by a broad base stance and hypermetria
in all four limbs, truncal ataxia, and fine head tremors [18]. At referral two dogs (siblings)
were aged 12 weeks, and two other affected dogs were aged 16 and 20 weeks. Histopathological
analysis of the cerebellum showed minor signs of degeneration and reduced expression of Pur-
kinje cell differentiation markers calbindin-D-28K and ITPR1 in some cerebellar regions [18].
Pedigree analysis suggested an autosomal recessive mode of inheritance. Genome-wide
mRNA-sequencing of two affected siblings and subsequent investigation of 20 candidate genes
in this dataset did not identify any potentially causal variants for the disease [18].
The present study aimed to identify the underlying genetic cause of ataxia in the Norwegian
Buhund breed using whole genome sequencing of the two affected siblings. A mutation within
KCNIP4, a novel gene for cerebellar ataxia, was identified.
Results
Whole genome variant filtering
Whole genome sequences of two ataxia-affected Norwegian Buhund siblings were initially
compared with the Boxer reference sequence CanFam3.1 and whole genome sequences of 44
dogs of 29 different breeds (control genomes). Variants identified were filtered to leave only
those which were homozygous in both of the affected dogs, but which were homozygous for
the reference or an alternative allele in the control dogs. Our hypothesis was that the causal
variant is rare and private to the Norwegian Buhund breed. From this, a total of 26,073 segre-
gating variants were identified. Additional filtering by variant effect, leaving only high-effect
variants that were predicted to directly affect a protein coding sequence, or disrupt a transcript,
reduced the number to 121.
The 121 variants were then further filtered using whole genome sequence variant data from
the Dog Biomedical Variant Database Consortium (DBVDC) [19]. The consortium dataset
included 361 additional whole genome sequences comprising 96 different pure breeds, three
wolves, and seven types of mixed-breed dog. The variants were filtered to leave only those
absent in all of the consortium genomes. This left 16 high-effect variants that were homozy-
gous in the two affected dogs and were not present in any of the other whole genome
sequences. Seven of the 16 variants were predicted to be tolerated and benign by two variant
Genetics of cerebellar ataxia in the Norwegian Buhund
PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008527 January 30, 2020 3 / 20
effect prediction tools; SIFT and PolyPhen-2. The nine remaining variants were taken forward
for genotyping in additional Norwegian Buhunds.
Variant segregation in additional dogs
Each of the nine variants was initially genotyped in 14 additional, unaffected, Buhunds. These
included two full siblings of the affected dogs and two obligate carriers which were identified
through the pedigree (S1 Fig). Only one of the nine variants segregated as would be expected
for an autosomal recessive mode of inheritance: a nonsynonymous SNP in the KCNIP4 gene
(NC_006585.3:g.88890674T>C) (S1 Table). This variant was genotyped in a further 56
Buhunds (archived DNA samples collected between 2008 and 2011) not reported to have
ataxia (a total of 70 tested “UK Buhund set 1”). Of these 70 dogs 24 were heterozygous for the
KCNIP4 variant (T/C), and the other 46 were homozygous for the CanFam3.1 reference allele
(T/T) (Table 1). None of the unaffected dogs were homozygous for the KCNIP4 variant. Geno-
typing unaffected Norwegian Buhunds sampled in 2017 revealed that this contemporary set of
36 UK dogs (“UK Buhund Set 2”) included three heterozygotes, and within 40 dogs sampled
in Finland (“Finnish Buhund Set”) one heterozygote was identified (Table 1). Neither of these
sample sets included any dogs homozygous for the variant. Two additional Norwegian
Buhunds were previously diagnosed with cerebellar ataxia in 1998 and 2002. Genotyping these
additional cases, in addition to the two siblings used for whole genome sequencing, confirmed
that all four affected dogs were homozygous for the KCNIP4 variant (Table 1).
For further validation and to investigate if the variant is confined to the Norwegian Buhund
breed a panel of 359 dogs of 122 other breeds was genotyped. The KCNIP4 variant was not
present in this multi-breed panel (Table 1) (S2 Table).
Variant data for additional whole genome sequences subsequently became available after
the initial analysis. These additional genomes included 140 in-house genomes and 255
genomes in the DBVDC consortium [19], all of which were homozygous for the reference
allele.
In total the KCNIP4 variant was assessed in 802 whole genome sequences, including dogs
of 158 breeds, 13 mixed breed dogs, and 8 wolves (S3 Table), and genotyped in an additional
505 unaffected dogs (including 146 Norwegian Buhunds), and only the four affected Buhunds
(two whole genome sequences and two genotyped) were homozygous for the variant. These
results demonstrate that the variant segregates with disease and is confined to the Norwegian
Buhund breed.
Bioinformatics tools predict the KCNIP4 variant to be deleterious
The KCNIP4 variant is a nonsynonymous T/C SNP causing a tryptophan to arginine amino
acid change. The nucleotide, and codon within which the KCNIP4 variant is located, is con-
served across 99 species of mammal (UCSC) (S4 Table). Tryptophan is highly conserved at
Table 1. Genotypes of Norwegian Buhunds and a multi-breed panel for the KCNIP4 variant.
T/T T/C C/C Total
Buhund Cases 0 0 4 4
UK Buhund Set 1 46 24 0 70
UK Buhund Set 2 33 3 0 36
Finnish Buhund Set 39 1 0 40
Multi-breed Panel 359 0 0 359
Total 477 28 4 509
https://doi.org/10.1371/journal.pgen.1008527.t001
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this location, and so is the flanking amino acid sequence in 19 species of mammal (16 pri-
mates) (UCSC) (S2 Fig). SIFT predicted the variant to be “deleterious” (SIFT value: 0), and
Polyphen-2 “probably damaging” (Polyphen-2 value: 0.99) [20, 21]. The effect of the variant
was also assessed using a third tool, Mutation Taster, which predicted the variant to be “disease
causing” (probability: 0.99) [22].
At least five KCNIP4 transcripts with alternative first exons are expressed
in canine cerebellar tissue
There are four NCBI RefSeq KCNIP4 transcripts, and seven Ensembl KCNIP4 transcripts,
annotated for the canine genome (S5 Table). Two of the canine Ensembl transcripts
(ENSCAFT00000060142.1, ENSCAFT00000083618.1) match canine RefSeq transcripts
(XM_014112663.2, XM_003434400.4), making a total of nine unique KCNIP4 transcripts
annotated for the canine genome. Three of the NCBI RefSeq canine KCNIP4 transcripts corre-
spond to human Ensembl transcripts and transcripts reported previously to be expressed in
human and mouse cerebellum [23] (S5 Table). The corresponding protein RefSeq for canine
transcripts XM_014112663.2, XM_003434400.4, and XM_005618660.3 align to the protein
sequences for human transcripts KCNIP4-1bΔ2 (ENST00000382148.7), KCNIP4-1dΔ2
(ENST00000382150.8), and KCNIP4-1eΔ2 (ENST00000382149.9) respectively (S5 Table) (Fig
1A). These three transcripts were confirmed using RNA sequencing data for canine cerebellum
from dogs of multiple breeds, including the two affected Norwegian Buhund siblings.
Two other transcripts (KCNIP4-1a and KCNIP4-1aΔ2) which have been reported to be
expressed in human and mouse cerebellum do not have corresponding canine RefSeq tran-
scripts [23] (S5 Table). An assessment of the syntenic region for the first exon for these tran-
scripts in CanFam3.1 revealed that there is a gap in the canine genome at this location
(CanFam3.1 Chr3:87,771,558–87,771,880) (Fig 1A). When translated into the amino acid
sequence, unmapped reads from the RNA sequencing data which were paired to the mapped
reads of the flanking exons (exon 2 and exon 3), aligned with the N-terminal protein sequence
corresponding to the first exon of human transcripts KCNIP4-1a (ENST00000382152.7),
which contains “exon 2”, and KCNIP4-1aΔ2 (ENST00000447367.6), in which “exon 3” is the
second exon (Fig 1A) (S5 Table). Reads extending upstream into the gap in the genome from
the gap’s 3’ end (chr3:87,771,880) aligned with part of the missing sequence, confirming that
this gap in the genome is the location of the unaligned exon. A comparison of the identified
transcripts, and the sequence and genomic position of canine Ensembl transcripts ENSCAF
T00000090603.1 and ENSCAFT00000090861.1, revealed that they are partial canine transcript
annotations for KCNIP4-1a and KCNIP4-1aΔ2, but are lacking most of the first exon as a
result of the gap in the genome (S5 Table).
There are also four annotated canine transcripts, one RefSeq and three Ensembl, which do
not match any of the known human KCNIP4 Ensembl transcripts (S5 Table). Two of these
transcripts, ENSCAFT00000079461.1 and ENSCAFT00000061238.1, are indicated in the
annotation to have an additional exon between exons 3 and 4. This additional exon is not seen
in any of the human transcripts or any of the other annotated canine transcripts, and was not
observed in canine cerebellum mRNA sequencing data. Ensembl transcript ENSCAFT000
00026195.4 appears to be an incorrect amalgamation of the first exon of KCNIP4-1eΔ2
(XM_005618660.3), the second exon of KCNIP4-1a, and exons 3 to 9 which are present in all
of the KCNIP4 transcripts (Fig 1A). This transcript was not seen in the mRNA sequencing
data. Canine RefSeq transcript XM_536275.6 is stated to start with the second exon of
KCNIP4-1a, followed by exons 3 to 9. This combination of exons is not seen in any of the
annotated human Ensembl transcripts.
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RT-PCR of RNA extracted from cerebellum tissue samples from two ataxia-affected
Buhunds and five unaffected dogs of other breeds confirmed that at least five transcripts for
KCNIP4, with alternative first exons, are expressed in the canine cerebellum (Fig 1B). The vari-
ant identified in this study is located in exon 6, which Sanger sequencing of the RT-PCR prod-
ucts for the Buhund siblings and a Golden Retriever confirmed is expressed in all five of these
transcripts (Fig 1C). All of the confirmed transcripts contain exons 3 to 9.
RT-qPCR of KCNIP4 expression
The relative expression of KCNIP4 in cerebellar tissue samples from the two sibling cases and
five unaffected dogs, in comparison to the ubiquitously expressed TATA box binding protein
(TBP) gene, was assessed using RT-qPCR. The assay for KCNIP4 was designed with primers in
exons 3 and 4, both of which are present in all five of the transcripts shown to be expressed in
the canine cerebellum, allowing the assay to quantify total KCNIP4 transcript expression.
Relative quantification of KCNIP4 was suggestive of reduced expression in cerebellar tissue
from the two affected dogs (ΔΔCq = 0.497) (Fig 2A), although the change in expression was
not statistically significant (Student’s T-test, p = 0.07).
Fig 1. (A) An illustration of the exon composition of the five canine KCNIP4 transcripts identified using mRNA and
whole genome sequencing data and alignment with known human transcripts. KCNIP4-1a and KCNIP4-1aΔ2 share exon
1a as their first exon, whereas all other transcripts have unique first exons. In these five canine transcripts, exon 2 is only
present in KCNIP4-1a. Exons 3 to 9 are shared across all five transcripts. Coordinates for the first and second exons of
each transcript are in S5 Table. The genomic region containing exons 3 to 9 as labelled in the Figure is Chr3: 88,780,584–
88,894,638. The genomic region containing all of the transcripts is Chr3: 87,771,818–88,894,638. (B) RT-PCR of five
KCNIP4 transcripts in canine cerebellum samples for seven dogs. From left to right: no template water control (NTC);
two ataxia-affected Norwegian Buhunds (NB); Labrador Retriever cross breed (LR-X); Golden Retriever (GR); Siberian
Husky cross breed (XB); Beagle (BE); Great Dane (GD). (C) Sanger sequencing chromatogram demonstrating that exon
“6”, containing the mutation, is present in the transcripts expressed in the canine cerebellum. The sequences shown are
for KCNIP4-1bΔ2. NB: Norwegian Buhund, GR: Golden Retriever.
https://doi.org/10.1371/journal.pgen.1008527.g001
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Western blot shows loss of KCNIP4 in cerebellum of cases
Western blot analysis was carried out for KCNIP4 using cerebellum tissue lysate from two
cases and six control dogs. Three of the controls were affected by cerebellar ataxia but were of
other breeds for which the causal mutation is known, and the remaining three were unaffected
by ataxia. The western blot showed a clear change in KCNIP4 expression in the cerebellum tis-
sue from the Buhund case (Fig 2B). Three bands are visible for the control tissues, at approxi-
mately 28 kDa, 26 kDa, and 22 kDa. The band with the highest saturation in all controls is at
28 kDa, with the lower molecular weight bands observed to be fainter in the three controls
which were affected by genetically distinct forms of cerebellar ataxia. The two lower bands are
absent, or too faint to observe, in the two Buhund cases. The 28 kDa band appears to still be
present in the Buhund cases, but at a much lower saturation. A fourth band is observable for
all eight tissue lysates at approximately 37 kDa, and has a higher saturation in the two Buhund
cases. The different bands may represent the differently sized isoforms of KCNIP4, although
the band at 37 kDa does not fit within the size ranges of any of the known KCNIP4 isoforms
(S5 Table). The western blot analysis indicates a dramatic reduction of KCNIP4 expression in
dogs homozygous for the KCNIP4 variant, and could suggest a complete loss of some, if not
all, KCNIP4 isoforms.
Immunohistochemistry shows a reduction of KCNIP4 expression in the
cerebellum of an affected Buhund
Expression of KCNIP4 protein was identified immunohistochemically throughout synaptic
glomeruli of the cerebellar granular cell layer and basket cells of the molecular layer in all dogs,
but staining intensity was considerably lower in the Buhund with two copies of the mutation
(Fig 3). As functional differentiation of Purkinje cells appears to underlie regional differences
[18], sagittal and transverse sections of all cerebellar lobuli were examined. Reduction of
KCNIP4 expression was seen throughout the entire cerebellar cortex but more extensive in
Fig 2. (A) Relative quantification (ΔCq) of KCNIP4 in comparison to the ubiquitously expressed control gene TBP in cerebellar tissue
samples of two ataxia affected Buhund siblings (Case) and five ataxia unaffected dogs (Labrador Retriever cross-breed, Siberian Husky cross-
breed, Beagle, Golden Retriever, and a Great Dane) (Control). Black lines show group median. (B) Western blot comparing KCNIP4 protein
expression in the cerebellum tissue lysate of two Norwegian Buhund cases and six control dogs. Top panel: Anti-KCNIP4 western blot.
Bottom panel: Ponceau S total protein loading control. From left to right: two ataxia affected Norwegian Buhunds (NB); Three ataxia-affected
control dogs of other breeds (Parson Russel Terrier (PRT); Beagle (BE); Hungarian Vizsla (V)); three ataxia-unaffected control dogs of other
breeds (Golden Retriever (GR); Siberian Husky cross breed (XB); Labrador retriever cross breed (LR-X)). Approximate sizes of protein
ladder bands are indicated on the left (kDa).
https://doi.org/10.1371/journal.pgen.1008527.g002
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areas where Purkinje cells showed least expression of calbindin and ITPR-1 in the histopatho-
logical analysis carried out previously for the clinical characterisation of the disease [18].
In Silico protein analysis of the 3D structure of KCNIP4 suggests that the
mutation affects protein stability and function
The structure of one KCNIP4 isoform, KChIP4a (KChIP4 was a previous abbreviation for
KCNIP4), has been determined through X-Ray diffraction (PDB ID 3DD4). KChIP4a aligns
perfectly with XP_003434448.1 and KCNIP4-204 (KCNIP4-1dΔ2). This allowed the use of
online tools for predicting the effect of the variant on protein stability. The Eris server, which
uses discrete molecular dynamics, was used to predict the effect of the mutation on the free
energy of the protein’s structure [24]. The tryptophan to arginine substitution caused a pre-
dicted ΔΔG of 7.31 kcal/mol, which indicates a dramatic decrease in stability.
The 3D protein structure was used to investigate the physical location of the amino acid
substitution within the protein. The tryptophan residue affected is within the hydrophobic
core of KCNIP4, and is predicted to interact with the N-terminal helix which sits within the
groove of the protein (Fig 4A). The substitution replaces the non-charged, non-polar,
Fig 3. Immunohistochemical expression patterns of KCNIP4 in the cerebellum of an affected Buhund (A, C) compared to that of two control
dogs (B,D). Top panels: Rostral lobe. Bottom panels: Caudoventral vermis. The Buhund shows a diffusely decreased immunopositivity within
the molecular layer (ML) and granular layer (GL) (brown staining). Thereby, rostral lobe areas (A) present with slightly stronger signal
intensity than the caudoventral vermis (C). This difference matches to regional differences in Purkinje cell marker expression demonstrated
previously [18]. PC: Purkinje cell; FWM: foliary white matter.
https://doi.org/10.1371/journal.pgen.1008527.g003
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hydrophobic tryptophan with the positively charged, polar, arginine. This is likely to have an
impact on the hydrophobicity of the protein’s core. The arginine residue is predicted to inter-
act with different helical structures within the protein compared to tryptophan, no longer
interacting with the N-terminal helix (Fig 4B). The arginine residue is also predicted to over-
lap, and clash, with neighbouring residues (Fig 4C).
Discussion
In the present study we used whole genome sequencing to identify the causal mutation for a
recently characterised cerebellar ataxia in the Norwegian Buhund dog breed [18]. Whole
genome sequencing of single cases of ataxia has recently been used to successfully identify
mutations causing cerebellar cortical degeneration (CCD) in the Hungarian Vizsla and spino-
cerebellar ataxia in Russell Group Terriers [5, 17]. Taken together this suggests that cerebellar
ataxias in the dog are particularly amenable to this approach for the identification of causal
mutations. The approaches used in these two previous studies, however, used the candidacy of
the genes in which variants were found to filter for potentially causal variants [5, 17]. The pres-
ent study used a much larger number of in-house and consortium control sequences to filter
variants to a level manageable for follow-up, allowing the discovery of a likely-pathogenic vari-
ant in KCNIP4, a novel gene for cerebellar ataxia. A previous study that used GWAS and tar-
geted resequencing to investigate a different form of canine cerebellar ataxia in Russell Terrier
Group dogs identified a variant in CAPN1, which had also not previously been implicated in
ataxia in humans [15]. Mutations in this gene were later demonstrated to cause autosomal-
recessive hereditary spastic paraplegia in humans, which is a condition that can present with
cerebellar signs and which is associated with ataxia in some cases [25]. Canine hereditary cere-
bellar ataxia, as a naturally occurring disease model, therefore represents a resource for the
identification of novel genes that should be considered as potential candidates when investigat-
ing similar conditions in humans. The discovery of novel genes for hereditary ataxia (and
other rare, autosomal recessive, or autosomal dominant diseases) in the dog, when only very
Fig 4. 3D models of KCNIP4 with and without the amino acid substitution caused by the mutation identified. (A) KCNIP4 with tryptophan (green) at position
142. (B) KCNIP4 with arginine (orange) at position 142. Blue lines in A) and B) indicate predicted interactions between atoms (including polar and nonpolar
interactions). (C) KCNIP4 with arginine (orange) at position 142, with red lines indicating clashes (interactions where atoms are too close together).
https://doi.org/10.1371/journal.pgen.1008527.g004
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small numbers of cases are available, is therefore becoming increasingly possible with the rapid
expansion of publicly available whole genome sequence datasets [19]. In the future this could
make clinical diagnostic sequencing affordable and efficient for emerging Mendelian canine
conditions.
The mutation identified is a nonsynonymous SNP causing a tryptophan to arginine amino
acid substitution within a highly conserved region of KCNIP4. Voltage-gated potassium chan-
nel-interacting proteins (KCNIP, previously called KChIP) are four calcium binding proteins
which interact with voltage-gated potassium (Kv) channels and modulate A-type potassium
currents [26, 27]. Mutations in KCNIP4 have not been associated with cerebellar ataxia previ-
ously in any species to the authors’ knowledge. However, mutations within KCND3, which
encodes the voltage-gated potassium channel α-subunit Kv4.3, have been found to cause spi-
nocerebellar ataxia type 19/22 in humans [28–32]. Mutations in KCND3 reduce trafficking
and cell surface expression of KV4.3 and suppress the amplitude of the potassium current or
affect channel gating [33]. KChIP4a, an isoform of KCNIP4, has been shown to interact with
Kv4.3 and to modulate its inactivation [34, 35].
RT-qPCR analysis did not demonstrate a statistically significant reduction in the expression
of the KCNIP4 transcript in the affected Buhunds, although it was suggestive of reduced
expression; whereas a dramatic reduction in KCNIP4 protein expression was observed in the
cerebellum of cerebellar ataxia-affected Norwegian Buhunds, through both western blot and
immunohistochemistry. It has been demonstrated previously that changes in the protein
expression of the Kv4 accessory subunits (KCNIP1, KCNIP2, KCNIP3, and KCNIP4) do not
necessarily reflect transcriptional expression [36]. It has been suggested that the formation of
complexes between the accessory subunits and the α-subunits (Kv4.2 or Kv4.3) stabilises the
proteins, leading to increased levels of each protein [36]. The tryptophan to arginine substitu-
tion identified in the current study is predicted to be destabilising and damaging to protein
function. If the predicted effect on protein function prevents the formation of complexes, and
this precludes the stabilisation of the protein, combined with the mutation’s destabilising effect
this could potentially explain the dramatic reduction in protein expression observed without a
significant drop in transcript expression. Only RNA from two cases was available for the RT-
qPCR analysis; inclusion of a larger number of cases would be necessary to confirm this
finding.
Although the western blot and immunohistochemical analysis indicate a considerable
reduction in KCNIP4 protein expression in affected dogs, the exact epitope of the antibody
used is unknown. The immunogen used by the manufacturer consisted of the majority of the
protein’s amino acid sequence, and the epitope has not been mapped. This means that the epi-
tope could be in the region of the mutation, and the mutation could potentially have prevented
antibody binding and thus mimicked an apparent fall in protein expression. However, the
immunohistochemistry demonstrated that there was still some expression in a case, and that
the expression pattern matched that seen previously for KCNIP4 expression in humans and
mice [23], and the variability in expression in the case match that of the Purkinje cell markers
demonstrated in the histopathological analysis carried out previously [18]. This indicates that
the antibody used is still capable of binding the protein containing the variant.
An additional band, at a greater atomic mass than the known KCNIP4 isoforms, was
observed on the western blot. This additional band with a mass of ~37 kDa, which had a higher
intensity in the two cases, could potentially represent an increase in expression of a different
accessory Kv4 subunit, observable as a result of cross-reactivity of the antibody used. Loss of
one of the KCNIPs has previously been observed to result in an increase in protein expression
of the other, non-disrupted KCNIPs [36]. This compensatory mechanism is thought to occur
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through competition between the KCNIPs for binding to α-subunits [36, 37]. The stabilisation
that occurs through binding to the other subunits results in an increase in protein levels.
The three main bands are observed for the control tissues in the western blot, at approxi-
mately 28 kDa, 26 kDa, and 22 kDa, are expected to represent the various isoforms of
KCNIP4, which fit within this approximate size range (S5 Table). The band with the highest
saturation in all controls, at 28 kDa, has a size closest to that expected of KCNIP4-1a. The
lower two bands were observed to be fainter in the three controls which were affected by other
forms of cerebellar ataxia, in comparison to those unaffected by ataxia. We propose that this
difference could be a result of cerebellar degeneration, particularly for the Beagle and Hungar-
ian Vizsla CCD cases, which are forms of ataxia characterised by the loss of Purkinje cells and
depletion of the granular cell layer [5, 16]. The degradation of the cerebellum and cell types
known to express the KCNIP4 protein could feasibly have resulted in the reduction in
KCNIP4 expression observed in comparison to the unaffected controls. In comparison, the
Norwegian Buhund cerebellar ataxia cases, which had two copies of the KCNIP4 variant but
negligible cerebellar degeneration observed in the histopathological analysis [18], demon-
strated almost complete loss of KCNIP4 protein expression in the western blot analysis, and
dramatically reduced expression in the immunohistochemistry, indicating that in these indi-
viduals the loss of protein is caused by the mutation, not the cerebellar degeneration.
Human KCNIP genes have seven 3’ exons (exons 3 to 9, Fig 1A) which are identical in
length and have highly similar sequences between the four genes [23]. The 5’ exons for the
four genes are extremely dissimilar, and each KCNIP gene has multiple 5’ exons which are
unique. The high homology of the genes indicates shared protein function, and the conserva-
tion of the amino acid sequence of exons 3 to 9 suggests that variants in these regions are likely
to be damaging to function. The variant identified in this study is located within exon 6, one of
the highly conserved 3’exons, in a region of the protein which has identical amino acid
sequences in the four canine proteins. The bioinformatics tools we have used show that the
mutation in this conserved region affects the hydrophobic core of the protein, and predict it to
be destabilising and damaging to function.
In addition to demonstrating that a variant within KCNIP4 causes cerebellar ataxia in the
Norwegian Buhund dog breed, we have characterised the gene’s expression in the canine cere-
bellum. RT-PCR analysis and in situ hybridisation studies have demonstrated that KCNIP4 is
expressed in the cerebellum in humans and mice [23]. We have demonstrated that at least five
KCNIP4 transcripts are expressed in canine cerebellum, and that they share high sequence
similarity with the human transcripts, all sharing the seven highly conserved 3’ exons but with
alternative 5’ exons aligning with those seen in humans. A previous in situ hybridisation study
in mice demonstrated that KCNIP4 is expressed in the Purkinje cell layer and granular layer
neurons of the cerebellum [23], and a immunohistochemical study in the rat showed protein
expression throughout the cerebellum but particularly in the granular cell layer [38]. We dem-
onstrate that KCNIP4 protein is also expressed strongly in the granular layer of the canine cer-
ebellum. One transcript was only found in the kidney in humans [23]. Consistent with this,
this transcript, KCNIP4-1cΔ2, was not identified in the canine cerebellum. However, the first
exon of this transcript is a shortened version of the first of the 3’ exons shared by all transcripts,
which makes it impossible to assay using the methods used here; primers designed for this first
exon would amplify all KCNIP4 isoforms. We were unable to locate the 5’ untranslated region
(UTR) for the KCNIP4-1cΔ2 transcript in canine cerebellum mRNA sequencing data.
In the immunohistochemical analysis we observed that expression of KCNIP4 in the canine
cerebellum was predominantly within the granular cell layer, and KCNIP4 expression was
strong throughout the synaptic glomeruli. Previous research has suggested a role for A-type
potassium channels in the regulation of postsynaptic excitability of granule cell dendrites at
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the synapse between granule cells and mossy-fibre cells [38]. We suggest that a theoretical
effect of the mutation described in the present study could therefore be hyperexcitability of
postsynaptic granule cell membranes and/or receptor potentials being lost in the dendritic tree
instead of travelling to granule cell soma and via parallel fibres to Purkinje cells. We theorise
that the features observed in Purkinje cells [18] could be secondary to uncoordinated signal-
ling from granule cells. Interestingly, an in situ hybridisation study in mice demonstrated that
the KCNIPs that are expressed in the cerebellum, including KCNIP4, are expressed at a higher
level in the rostral lobe when compared to the caudal vermis [23]. Our immunohistochemical
findings showed the expression of KCNIP4 protein was lowest in the caudoventral vermis of
cases when compared to the rostral lobe, and this is also the region where the previous histo-
pathological findings showed the least expression of Purkinje cell differentiation marker pro-
teins (calbindin and ITPR-1) [18].
A potential limitation of the present study is the small number of affected dogs included in
the research; increasing the risk of a false positive finding. This is a result of the numerically
small size of the Buhund breed, and the limited availability of samples from affected dogs.
However, the availability of obligate carriers and other individuals from the extended pedigree
moderates this as a limitation. Genotyping large numbers of unaffected breed matched con-
trols, and multiple representatives of many different breeds, also minimised the effect of this
limitation. We were also unable to breed-match when performing RT-qPCR, western blot and
immunohistochemistry due to the lack of availability of relevant tissue, but this limitation was
minimised by the use of control samples from dogs of 3–6 diverse breeds. A potential limita-
tion of the WGS analysis pipeline used here is that it would not have detected structural vari-
ants or insertions and deletions larger than approximately 75 bp. Given that we identified a
compelling candidate causal variant in our current pipeline, we did not further investigate
larger structural or non-coding variants. However, both would require the use of gene candi-
dacy to generate a realistic number of variants for follow-up. Future refinement of structural
variant callers will enable their incorporation into pipelines for efficient analysis of WGS, with
necessary harmonisation amongst datasets.
In summary, by whole genome sequencing two Norwegian Buhund siblings, and filtering
against a bank of genomes of dogs of other breeds, we have identified a mutation associated
with cerebellar ataxia in this breed. The mutation is in a gene, KCNIP4, not previously impli-
cated in this disease in any species, and these findings could therefore inform research into
inherited ataxia of unknown aetiology in humans. This research has led to the development of
a DNA test for cerebellar ataxia in the Norwegian Buhund breed, allowing dog breeders to
avoid producing affected dogs, reduce the allele frequency, and eventually eliminate the disease
from the breed.
Methods
Ethics statement
Samples were collected from privately owned pet dogs from the general population, and
samples from the UK were in the form of buccal swabs or residual blood samples taken as
part of a veterinary procedure. This study was approved by the Animal Health Trust ethics
committee (AHT06-09). EDTA blood samples (3 ml) from 40 Norwegian Buhunds donated
to research were collected under the permission of animal ethical committee of County
Administrative Board of Southern Finland (ESAVI/343/04.10.07/2016) and all experiments
were performed in accordance with relevant guidelines and regulations and with owners’
written consent.
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Sample collection and DNA extraction
Samples from four Norwegian Buhunds diagnosed with cerebellar ataxia by veterinary neurol-
ogists at the Animal Health Trust Centre for Small Animal Studies, Newmarket, were included
in this research. Buccal swabs and post mortem tissue samples (stored in RNAlater) were col-
lected from two affected siblings diagnosed in 2008 (aged 12 weeks (0.2 years)). For the dogs
diagnosed in 1998 and 2002 (aged 16 and 20 weeks, respectively (0.3 and 0.4 years)) residual
formalin-fixed paraffin-embedded (FFPE) tissue samples, collected for histopathology at the
time of diagnosis, were used. Clinical descriptions and details of diagnosis have been described
previously [18].
For validation of potential causal variants, samples from three sets of unaffected Norwegian
Buhunds were utilised. The first set of DNA samples from 70 UK dogs were archived samples
which had previously been collected for an unrelated study between 2008 and 2011, with the
exception of one dog sampled in 2015 (“UK Set 1”). The dogs in this set were aged between 0.3
and 15.3 years (mean age 5.5 years) at sample collection, and none had been reported to have
ataxia by their owners. Two sets of DNA samples were collected in 2017 from Norwegian
Buhunds reported to have no signs of ataxia; one set from 36 dogs in the UK (“UK Set 2”) and
another from 40 dogs living in Finland (“Finnish Buhund Set”). Dogs in “UK Set 2” were aged
0.9 to 8.8 years (mean age 4.2 years), and in the Finnish Buhund Set were aged between 0.6
and 9.5 years (mean age 3.2 years).
DNA was extracted from buccal swabs using the QIAamp Midi Kit (Qiagen), or whole
blood using a standard chloroform protocol. DNA extraction from FFPE samples was carried
out using Recoverall total nucleic acid isolation kit (Ambion). In the Finnish cohort, genomic
DNA was extracted from the white blood cells using a semi-automated Chemagen extraction
robot (PerkinElmer Chemagen Technologie GmbH, Baeswieler, Germany) according to the
manufacturer’s instructions. DNA concentrations were measured using Qubit fluorometer
(Thermo Fisher Scientific, Waltham, Massachusetts, USA) and Nanodrop ND-1000 UV/Vis
Spectrophotometer (Nanodrop technologies, Wilmington, Delaware, USA) and samples were
stored at –20˚C.
RNA sequencing
Genome-wide RNA sequence analysis was carried out, using extant data generated as
described previously [18]. Visual inspection of gene transcripts was carried out using the Inte-
grative Genomics Viewer (IGV) [39].
Whole genome sequencing
Whole genome sequencing, including library preparation, of the two affected Norwegian
Buhund siblings was carried out by Edinburgh Genomics laboratories, University of Edin-
burgh, using Illumina 150 bp paired-end sequencing (approximately 40X coverage). The
library preparation method used was TruSeq DNA Nano (Illumina). Sequence reads were
aligned to the canine reference genome CanFam3.1 using the Burrows-Wheeler Aligner
(BWA-MEM), and SNP and in-del variants were called using the Genome Analysis Toolkit
(GATK) Haplotypecaller (v3.6) using GATK best practices [40, 41]. Consequence predictions
were designated for each variant using the Variant Effect Predictor (Ensembl), and variant
calls for genomes of 44 unrelated dogs of 29 other breeds, were used to filter variants [42]. The
initial 44 control genomes, and the additional 140 that later became available for assessment of
candidate variants, had been accrued over time for other research and as a resource.
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Genotyping
The initial genotyping for candidate variants identified as potentially causal was performed
using Sanger sequencing for eight SNPs, and fragment length analysis for a deletion, on an
ABI 3130XL Genetic Analyzer. Primer sequences are available in S6 Table. Hotstartaq plus
(Qiagen) was used for the initial PCR prior to sequencing, using the following cycling condi-
tions: 95˚C for 5 minutes, followed by 35 cycles of 30 seconds each at 95˚C and 57˚C, and
72˚C. Sanger sequencing used Bigdye terminator v3.1 ready reaction mix (Applied Biosys-
tems), using standard cycling conditions: 96˚C for 30 seconds, followed by 44 cycles of 4 sec-
onds at 92˚C, 4 seconds at 55˚C and 1 minute 30 seconds at 60˚C. Fragment length analysis
was carried out using a three primer system, utilising a forward primer designed with a “tail”
at the 5’ end and a fluorescently labelled (FAM) primer complementary to the “tail” on the for-
ward primer [43]. Hotstartaq plus (Qiagen) was used for PCR, and cycling conditions were as
follows: 94˚C for 4 minutes, followed by 30 cycles of 30 seconds each at 94˚C and 57˚C, and 1
minute at 72˚C. This was followed by eight cycles of 30 seconds each at 94˚C and 50˚C, and 1
minute at 72˚C. The cycling was concluded with a 30 minute extension step at 72˚C.
Further genotyping for the KCNIP4 variant utilised an allelic discrimination method, using
an ABI StepOne real-time thermal cycler. The assay primer and probe sequences are in S7
Table. The Kapa probe fast master mix (Kapa Biosystems) was used for genotyping all dogs,
except those for which samples were collected as FFPE tissue. To optimise genotyping of the
latter by limiting the levels of PCR inhibitors, DNA isolated from FFPE samples was further
purified by ethanol precipitation before genotyping. FFPE derived DNA samples were geno-
typed using the Taqpath Proamp master mix (Applied Biosystems). For allelic discrimination
assays using KAPA Probe Fast and DNA from buccal swabs or blood samples, a fast ramping
speed was used and the following cycling conditions were used: 30 seconds Pre-PCR read at
25˚C, 95˚C holding stage for 3 minutes, 40 cycles of 95˚C for 3 seconds and 60˚C for 10 sec-
onds, followed by a 30 second post-PCR read step at 25˚C. Allelic discrimination assays using
Taqpath Proamp used the standard ramping speed and the following cycling conditions: 60˚C
for 30 seconds pre-PCR read, 5 minute 95˚C holding stage, 40 cycles of 15 seconds at 95˚C and
1 minute at 60˚C, and 60˚C for 30 seconds post-PCR read step.
RT-qPCR
RNA was extracted from cerebellum samples collected post-mortem from the two affected
Norwegian Buhund siblings and five other dogs unaffected by ataxia of different breeds (Lab-
rador Retriever cross-breed, Siberian Husky cross-breed, Beagle, Golden Retriever, and a
Great Dane) Elimination of genomic DNA and reverse transcription was carried out using the
Quantitect cDNA synthesis kit (Qiagen). Assay primers and probe were designed for qPCR
with the fluorescently labelled probe overlapping the boundaries of exons present in all alter-
native KCNIP4 transcripts (Forward: GCCCAGAGCAAATTTACCAAG, probe: AAGAATG
AGTGTCCCAGCGGTGT, reverse: CGGAAAGAACTGCGAGTAAATC). The qPCR was
carried out using Luna Universal qPCR Master Mix (NEB) and an ABI StepOnePlus real-time
PCR system, and comparative CT analysis used for relative quantification compared to an
assay for the ubiquitously expressed TATA box binding protein (TBP) gene. Reaction effi-
ciency was calculated by performing a seven point, doubling dilution, standard curve. The
reaction efficiencies of both the KCNIP4 and TBP assays were 99.2%.
PCR and sanger sequencing of transcripts
PCR primers were designed to be specific to each transcript, with a unique forward primer
designed to overlap the boundary of the first and second exon and a reverse primer in the final
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exon which all transcripts share: GCATGGAGCGCATTATGTTT (S8 Table). Hotstartaq plus
(Qiagen) was used for PCR of the cDNA produced by reverse transcription for the two
Buhunds and five control dogs (see above), and cycling conditions were as follows: 95˚C for 5
minutes, followed by 35 cycles of 30 seconds each at 95˚C and 57˚C, and 72˚C. This was fol-
lowed by final step at 72˚C for 5 minutes. Agarose gel electrophoresis (1.5% agarose, 100v for
one hour) was carried out using 3μL of each product and images were taken. Sanger sequenc-
ing was carried out on the products for the two Norwegian Buhunds and Golden Retriever, as
described above.
Western blot
Cerebellum tissue from the two cerebellar ataxia-affected Norwegian Buhund siblings and six
control dogs were homogenised in radioimmunoprecipitation assay (RIPA) buffer (Cell Sig-
nalling Technology). The six control dogs included three dogs affected by cerebellar ataxia, but
clear of the KCNIP4 mutation and of breeds for which the causal mutation is known (one of
each of Parson Russel Terrier, Beagle, and Hungarian Vizsla). The Parson Russel Terrier was
diagnosed with late-onset spinocerebellar ataxia, and both the Beagle and Hungarian Vizsla
with CCD, and all three were homozygous for the applicable causal variant for their form of
ataxia [5, 15, 16]. The remaining three control dogs were unaffected by ataxia and clear of the
mutation: one of each of Golder Retriever, Siberian Husky cross breed, Labrador Retriever
cross-breed. Total protein lysate (15 μl, 180–255 μg) was diluted in Laemmli sample buffer
(BIO-RAD) and separated by SDS-polyacrylamide gel electrophoresis using a 4–20% Mini-
PROTEAN TGX Stain-Free precast gel (BIO-RAD). Wet transfer was used to transfer proteins
onto a nitrocellulose membrane (0.45 μm). Immunoblotting was carried out using a rabbit
monoclonal primary antibody targeting KCNIP4 (abcam, ab203831). The immunogen for the
primary antibody used was a recombinant protein covering all of KCNIP4 (KCNIP4-1a,
ENST00000382152.7), from the first amino acid to the C-terminus. Protein band detection uti-
lised the WesternBreeze anti-rabbit chromogenic kit (Invitrogen) which uses a goat anti-rabbit
antibody and conjugated alkaline phosphatase for detection. Ponceau S stain was used as a
total protein loading control.
Immunohistochemistry
Tissue expression of KCNIP4 was evaluated immunohistochemically in transverse and sagittal
sections of cerebella of one affected Buhund sibling and three neurologically healthy control
dogs (Labrador Retriever, Australian Shepherd, Jack Russell Terrier). The staining employed
the same antibody as used for western blot (as described above), polymer technology and a dia-
minobenzidine tetrahydrochloride detection kit. Slides were counterstained with haematoxy-
lin and routinely coverslipped using xylene-based mounting medium.
In silico protein analysis
In silico protein analysis was carried out using a 3D model (PDB ID 3DD4) obtained from the
PDB-REDO Databank (pdb-redo.eu). The model had been refined and rebuilt from the origi-
nal PDB model which had been determined through X-ray diffraction [35]. The model was
visualised using UCSF Chimera software [44], and the two missing loops were modelled using
Modeller [45]. Heteroatoms were removed from the PDB file, and a model of the protein con-
taining the variant was created using Chimera’s Rotamers tool, choosing the arginine rotamer
with the highest probability in the Dunbrack library [46]. Clashes and contacts were predicted
using Chimera’s “Find Clashes/Contacts” tool which uses van der Waals radii to find inter-
atomic clashes and contacts. The software’s default clash and contact criteria were used.
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Clashes: van der Waals overlap > = 0.6 angstroms, subtracting 0.4 for H-bonding pairs. Con-
tacts: van der Waals overlap > = -0.4 angstroms.
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S1 Table. Summary of the genotypes of 14 Buhunds for nine candidate variants. For two of
the variants (ITPR3 and ENSCAFG00000030891) one dog failed genotyping.
(XLSX)
S2 Table. Genotypes of multi-breed panel by breed.
(XLSX)
S3 Table. The number of individuals for each breed represented in the 802 whole genome
sequences used.
(XLSX)
S4 Table. UCSC Multiz Alignments of 100 Vertebrates Human GRCh38/hg38 Assembly
4:20,734,676–20,734,678. There are no alignment data for this region in the Gorilla.
(XLSX)
S5 Table. Canine KCNIP4 transcripts and protein isoform annotations, and the details of
those demonstrated to be expressed in canine cerebellum.
(XLSX)
S6 Table. Candidate causal variants identified from whole genome sequencing, and primer
sequences used for Sanger sequencing and fragment length analysis.
(XLSX)
S7 Table. Primer sequences used for allelic discrimination assay of KCNIP4 variant.
(XLSX)
S8 Table. Transcript-specific primers for KCNIP4.
(XLSX)
S1 Fig. Pedigree of affected dogs with obligate carriers and related dogs used for genotyp-
ing highlighted.
(TIF)
S2 Fig. UCSC Multiz Alignments of 20 species of mammal (17 primates) Human GRCh38/
hg38 Assembly 4: 20,734,628–20,734,726. The amino acid at the location of the mutation is
boxed, and the 16 flanking amino acids in each direction are shown. There are no alignment
data for the Gorilla in this region.
(TIF)
Acknowledgments
We would like to thank all owners who provided samples from their dogs for this study.
We thank the High-Throughput Genomics Group at the Wellcome Trust Centre for
Human Genetics (funded by Wellcome Trust grant reference 090532/Z/09/Z and MRC Hub
grant G090074791070) for the generation of the sequencing data for the genome-wide mRNA
of two Norwegian Buhunds, and the whole genomes of 24 dogs. The sequencing of the whole
genomes of four dogs were carried out by the University of Cambridge. The whole genomes of
the two Norwegian Buhund cases and 155 other dogs were sequenced by Edinburgh Genomics
laboratories, University of Edinburgh. The whole genome sequencing of 82 of the dogs used as
Genetics of cerebellar ataxia in the Norwegian Buhund
PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008527 January 30, 2020 16 / 20
controls was part of the Give a Dog a Genome project. We thank the Dog Biomedical Variant
Database Consortium (DBVDC; Gus Aguirre, Catherine Andre´, Danika Bannasch, Doreen
Becker, Brian Davis, Cord Dro¨gemu¨ller, Kari Ekenstedt, Kiterie Faller, Oliver Forman, Steve
Friedenberg, Eva Furrow, Urs Giger, Christophe Hitte, Marjo Hyto¨nen, Vidhya Jagannathan,
Tosso Leeb, Hannes Lohi, Cathryn Mellersh, Jim Mickelson, Leonardo Murgiano, Anita Ober-
bauer, Sheila Schmutz, Jeffrey Schoenebeck, Kim Summers, Frank van Steenbeek, Claire
Wade) for sharing whole genome sequencing data from control dogs. We also acknowledge all
canine researchers who deposited dog whole genome sequencing data into public databases.
Author Contributions
Conceptualization: Luisa De Risio, Sally L. Ricketts.
Data curation: Ellen C. Schofield.
Formal analysis: Christopher A. Jenkins, Lajos Kalmar.
Funding acquisition: Cathryn S. Mellersh.
Investigation: Christopher A. Jenkins, Lajos Kalmar, Kaspar Matiasek.
Project administration: Christopher A. Jenkins, Sally L. Ricketts.
Resources: Kaspar Matiasek, Lorenzo Mari, Kaisa Kyo¨stila¨, Hannes Lohi, Ellen C. Schofield,
Cathryn S. Mellersh, Luisa De Risio.
Software: Ellen C. Schofield.
Supervision: Sally L. Ricketts.
Validation: Kaisa Kyo¨stila¨, Hannes Lohi.
Visualization: Christopher A. Jenkins, Kaspar Matiasek.
Writing – original draft: Christopher A. Jenkins, Kaspar Matiasek.
Writing – review & editing: Christopher A. Jenkins, Lajos Kalmar, Kaspar Matiasek, Lorenzo
Mari, Kaisa Kyo¨stila¨, Hannes Lohi, Ellen C. Schofield, Cathryn S. Mellersh, Luisa De Risio,
Sally L. Ricketts.
References
1. Akbar U, Ashizawa T. Ataxia. Neurologic clinics. 2015; 33(1):225–48. https://doi.org/10.1016/j.ncl.
2014.09.004 PMID: 25432731; PubMed Central PMCID: PMC4251489.
2. Matilla-Dueñas A, Corral-Juan M, Volpini V, Sanchez I. The Spinocerebellar Ataxias: Clinical Aspects
And Molecular Genetics. In: Ahmad SI, editor. Neurodegenerative Diseases. New York, NY: Springer
US; 2012. p. 351–74.
3. Urkasemsin G, Olby NJ. Canine hereditary ataxia. Vet Clin North Am Small Anim Pract. 2014; 44
(6):1075–89. https://doi.org/10.1016/j.cvsm.2014.07.005 PMID: 25441626.
4. Forman OP, De Risio L, Matiasek K, Platt S, Mellersh C. Spinocerebellar ataxia in the Italian Spinone
dog is associated with an intronic GAA repeat expansion in ITPR1. Mamm Genome. 2015; 26(1–
2):108–17. https://doi.org/10.1007/s00335-014-9547-6 PMID: 25354648; PubMed Central PMCID:
PMC4305091.
5. Fenn J, Boursnell M, Hitti RJ, Jenkins CA, Terry RL, Priestnall SL, et al. Genome sequencing reveals a
splice donor site mutation in the SNX14 gene associated with a novel cerebellar cortical degeneration in
the Hungarian Vizsla dog breed. BMC Genet. 2016; 17(1):123. https://doi.org/10.1186/s12863-016-
0433-y PMID: 27566131; PubMed Central PMCID: PMC5002145.
6. Letko A, Dietschi E, Nieburg M, Jagannathan V, Gurtner C, Oevermann A, et al. A Missense Variant in
SCN8A in Alpine Dachsbracke Dogs Affected by Spinocerebellar Ataxia. Genes (Basel). 2019; 10(5).
https://doi.org/10.3390/genes10050362 PMID: 31083464; PubMed Central PMCID: PMC6562999.
Genetics of cerebellar ataxia in the Norwegian Buhund
PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008527 January 30, 2020 17 / 20
7. Mauri N, Kleiter M, Leschnik M, Hogler S, Dietschi E, Wiedmer M, et al. A Missense Variant in KCNJ10
in Belgian Shepherd Dogs Affected by Spongy Degeneration with Cerebellar Ataxia (SDCA1). G3
(Bethesda). 2017; 7(2):663–9. https://doi.org/10.1534/g3.116.038455 PMID: 28007838; PubMed Cen-
tral PMCID: PMC5295610.
8. Van Poucke M, Stee K, Sonck L, Stock E, Bosseler L, Van Dorpe J, et al. Truncating SLC12A6 variants
cause different clinical phenotypes in humans and dogs. Eur J Hum Genet. 2019; 27(10):1561–8.
https://doi.org/10.1038/s41431-019-0432-3 PMID: 31160700.
9. Online Mendelian Inheritance in Animals, OMIA: Sydney School of Veterinary Science; 2019. Available
from: http://omia.org/.
10. Mhlanga-Mutangadura T, Johnson GS, Ashwini A, Shelton GD, Wennogle SA, Johnson GC, et al. A
Homozygous RAB3GAP1:c.743delC Mutation in Rottweilers with Neuronal Vacuolation and Spinocere-
bellar Degeneration. J Vet Intern Med. 2016; 30(3):813–8. https://doi.org/10.1111/jvim.13921 PMID:
26968732; PubMed Central PMCID: PMC4913561.
11. Rohdin C, Gilliam D, O’Leary CA, O’Brien DP, Coates JR, Johnson GS, et al. A KCNJ10 mutation previ-
ously identified in the Russell group of terriers also occurs in Smooth-Haired Fox Terriers with hereditary
ataxia and in related breeds. Acta Vet Scand. 2015; 57(1):26. https://doi.org/10.1186/s13028-015-
0115-1 PMID: 25998802; PubMed Central PMCID: PMC4445810.
12. Mauri N, Kleiter M, Dietschi E, Leschnik M, Hogler S, Wiedmer M, et al. A SINE Insertion in ATP1B2 in
Belgian Shepherd Dogs Affected by Spongy Degeneration with Cerebellar Ataxia (SDCA2). G3
(Bethesda). 2017; 7(8):2729–37. https://doi.org/10.1534/g3.117.043018 PMID: 28620085; PubMed
Central PMCID: PMC5555477.
13. Kyostila K, Cizinauskas S, Seppala EH, Suhonen E, Jeserevics J, Sukura A, et al. A SEL1L mutation
links a canine progressive early-onset cerebellar ataxia to the endoplasmic reticulum-associated protein
degradation (ERAD) machinery. PLoS Genet. 2012; 8(6):e1002759. https://doi.org/10.1371/journal.
pgen.1002759 PMID: 22719266; PubMed Central PMCID: PMC3375262.
14. Agler C, Nielsen DM, Urkasemsin G, Singleton A, Tonomura N, Sigurdsson S, et al. Canine hereditary
ataxia in old english sheepdogs and gordon setters is associated with a defect in the autophagy gene
encoding RAB24. PLoS Genet. 2014; 10(2):e1003991. https://doi.org/10.1371/journal.pgen.1003991
PMID: 24516392; PubMed Central PMCID: PMC3916225.
15. Forman OP, De Risio L, Mellersh CS. Missense mutation in CAPN1 is associated with spinocerebellar
ataxia in the Parson Russell Terrier dog breed. PloS One. 2013; 8(5):e64627. https://doi.org/10.1371/
journal.pone.0064627 PMID: 23741357; PubMed Central PMCID: PMC3669408.
16. Forman OP, De Risio L, Stewart J, Mellersh CS, Beltran E. Genome-wide mRNA sequencing of a single
canine cerebellar cortical degeneration case leads to the identification of a disease associated SPTBN2
mutation. BMC Genet. 2012; 13:55. https://doi.org/10.1186/1471-2156-13-55 PMID: 22781464;
PubMed Central PMCID: PMC3413603.
17. Gilliam D, O’Brien DP, Coates JR, Johnson GS, Johnson GC, Mhlanga-Mutangadura T, et al. A homo-
zygous KCNJ10 mutation in Jack Russell Terriers and related breeds with spinocerebellar ataxia with
myokymia, seizures, or both. J Vet Intern Med. 2014; 28(3):871–7. https://doi.org/10.1111/jvim.12355
PMID: 24708069; PubMed Central PMCID: PMC4238845.
18. Mari L, Matiasek K, Jenkins CA, De Stefani A, Ricketts SL, Forman O, et al. Hereditary ataxia in four
related Norwegian Buhunds. J Am Vet Med Assoc. 2018; 253(6):774–80. https://doi.org/10.2460/
javma.253.6.774 PMID: 30179085.
19. Jagannathan V, Drogemuller C, Leeb T, Dog Biomedical Variant Database C. A comprehensive bio-
medical variant catalogue based on whole genome sequences of 582 dogs and eight wolves. Anim
Genet. 2019; 50(6):695–704. https://doi.org/10.1111/age.12834 PMID: 31486122.
20. Kumar P, Henikoff S, Ng PC. Predicting the effects of coding non-synonymous variants on protein func-
tion using the SIFT algorithm. Nat Protoc. 2009; 4(7):1073–81. https://doi.org/10.1038/nprot.2009.86
PMID: 19561590.
21. Adzhubei IA, Schmidt S, Peshkin L, Ramensky VE, Gerasimova A, Bork P, et al. A method and server
for predicting damaging missense mutations. Nat Methods. 2010; 7(4):248–9. https://doi.org/10.1038/
nmeth0410-248 PMID: 20354512; PubMed Central PMCID: PMC2855889.
22. Schwarz JM, Cooper DN, Schuelke M, Seelow D. MutationTaster2: mutation prediction for the deep-
sequencing age. Nat Methods. 2014; 11(4):361–2. https://doi.org/10.1038/nmeth.2890 PMID:
24681721.
23. Pruunsild P, Timmusk T. Structure, alternative splicing, and expression of the human and mouse
KCNIP gene family. Genomics. 2005; 86(5):581–93. https://doi.org/10.1016/j.ygeno.2005.07.001
PMID: 16112838.
24. Yin S, Ding F, Dokholyan NV. Eris: an automated estimator of protein stability. Nat Methods. 2007; 4
(6):466–7. https://doi.org/10.1038/nmeth0607-466 PMID: 17538626.
Genetics of cerebellar ataxia in the Norwegian Buhund
PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008527 January 30, 2020 18 / 20
25. Gan-Or Z, Bouslam N, Birouk N, Lissouba A, Chambers DB, Veriepe J, et al. Mutations in CAPN1
Cause Autosomal-Recessive Hereditary Spastic Paraplegia. Am J Hum Genet. 2016; 98(5):1038–46.
https://doi.org/10.1016/j.ajhg.2016.04.002 PMID: 27153400; PubMed Central PMCID: PMC4908182.
26. An WF, Bowlby MR, Betty M, Cao J, Ling HP, Mendoza G, et al. Modulation of A-type potassium chan-
nels by a family of calcium sensors. Nature. 2000; 403(6769):553–6. https://doi.org/10.1038/35000592
PMID: 10676964.
27. Morohashi Y, Hatano N, Ohya S, Takikawa R, Watabiki T, Takasugi N, et al. Molecular cloning and
characterization of CALP/KChIP4, a novel EF-hand protein interacting with presenilin 2 and voltage-
gated potassium channel subunit Kv4. J Biol Chem. 2002; 277(17):14965–75. https://doi.org/10.1074/
jbc.M200897200 PMID: 11847232.
28. Duarri A, Jezierska J, Fokkens M, Meijer M, Schelhaas HJ, den Dunnen WF, et al. Mutations in potas-
sium channel kcnd3 cause spinocerebellar ataxia type 19. Ann Neurol. 2012; 72(6):870–80. https://doi.
org/10.1002/ana.23700 PMID: 23280838.
29. Lee YC, Durr A, Majczenko K, Huang YH, Liu YC, Lien CC, et al. Mutations in KCND3 cause spinocere-
bellar ataxia type 22. Ann Neurol. 2012; 72(6):859–69. https://doi.org/10.1002/ana.23701 PMID:
23280837; PubMed Central PMCID: PMC4085146.
30. Smets K, Duarri A, Deconinck T, Ceulemans B, van de Warrenburg BP, Zu¨chner S, et al. First de novo
KCND3 mutation causes severe Kv4.3 channel dysfunction leading to early onset cerebellar ataxia,
intellectual disability, oral apraxia and epilepsy. BMC Med Genet. 2015; 16:51. Epub 2015/07/21.
https://doi.org/10.1186/s12881-015-0200-3 PMID: 26189493; PubMed Central PMCID: PMC4557545.
31. Coutelier M, Coarelli G, Monin ML, Konop J, Davoine CS, Tesson C, et al. A panel study on patients
with dominant cerebellar ataxia highlights the frequency of channelopathies. Brain. 2017; 140(6):1579–
94. https://doi.org/10.1093/brain/awx081 PMID: 28444220.
32. Kurihara M, Ishiura H, Sasaki T, Otsuka J, Hayashi T, Terao Y, et al. Novel De Novo KCND3 Mutation
in a Japanese Patient with Intellectual Disability, Cerebellar Ataxia, Myoclonus, and Dystonia. Cerebel-
lum. 2018; 17(2):237–42. https://doi.org/10.1007/s12311-017-0883-4 PMID: 28895081.
33. Duarri A, Lin MC, Fokkens MR, Meijer M, Smeets CJ, Nibbeling EA, et al. Spinocerebellar ataxia type
19/22 mutations alter heterocomplex Kv4.3 channel function and gating in a dominant manner. Cell Mol
Life Sci. 2015; 72(17):3387–99. Epub 2015/04/09. https://doi.org/10.1007/s00018-015-1894-2 PMID:
25854634; PubMed Central PMCID: PMC4531139.
34. Holmqvist MH, Cao J, Hernandez-Pineda R, Jacobson MD, Carroll KI, Sung MA, et al. Elimination of
fast inactivation in Kv4 A-type potassium channels by an auxiliary subunit domain. Proc Natl Acad Sci U
S A. 2002; 99(2):1035–40. https://doi.org/10.1073/pnas.022509299 PMID: 11805342; PubMed Central
PMCID: PMC117799.
35. Liang P, Wang H, Chen H, Cui Y, Gu L, Chai J, et al. Structural Insights into KChIP4a Modulation of
Kv4.3 Inactivation. J Biol Chem. 2009; 284(8):4960–7. https://doi.org/10.1074/jbc.M807704200 PMID:
19109250.
36. Norris AJ, Foeger NC, Nerbonne JM. Interdependent roles for accessory KChIP2, KChIP3, and
KChIP4 subunits in the generation of Kv4-encoded IA channels in cortical pyramidal neurons. J Neu-
rosci. 2010; 30(41):13644–55. https://doi.org/10.1523/JNEUROSCI.2487-10.2010 PMID: 20943905;
PubMed Central PMCID: PMC2993613.
37. Zhou J, Tang Y, Zheng Q, Li M, Yuan T, Chen L, et al. Different KChIPs compete for heteromultimeric
assembly with pore-forming Kv4 subunits. Biophys J. 2015; 108(11):2658–69. https://doi.org/10.1016/j.
bpj.2015.04.024 PMID: 26039167; PubMed Central PMCID: PMC4457479.
38. Strassle BW, Menegola M, Rhodes KJ, Trimmer JS. Light and electron microscopic analysis of KChIP
and Kv4 localization in rat cerebellar granule cells. J Comp Neurol. 2005; 484(2):144–55. https://doi.
org/10.1002/cne.20443 PMID: 15736227.
39. Robinson JT, Thorvaldsdottir H, Winckler W, Guttman M, Lander ES, Getz G, et al. Integrative geno-
mics viewer. Nat Biotechnol. 2011; 29(1):24–6. https://doi.org/10.1038/nbt.1754 PMID: 21221095;
PubMed Central PMCID: PMC3346182.
40. Li H, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics.
2009; 25(14):1754–60. https://doi.org/10.1093/bioinformatics/btp324 PMID: 19451168; PubMed Cen-
tral PMCID: PMC2705234.
41. McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A, et al. The Genome Analysis
Toolkit: a MapReduce framework for analyzing next-generation DNA sequencing data. Genome Res.
2010; 20(9):1297–303. https://doi.org/10.1101/gr.107524.110 PMID: 20644199; PubMed Central
PMCID: PMC2928508.
42. McLaren W, Gil L, Hunt SE, Riat HS, Ritchie GR, Thormann A, et al. The Ensembl Variant Effect Predic-
tor. Genome Biol. 2016; 17(1):122. https://doi.org/10.1186/s13059-016-0974-4 PMID: 27268795;
PubMed Central PMCID: PMC4893825.
Genetics of cerebellar ataxia in the Norwegian Buhund
PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008527 January 30, 2020 19 / 20
43. Tozaki T, Mashima S, Hirota K, Miura N, Choi-Miura NH, Tomita M. Characterization of equine micro-
satellites and microsatellite-linked repetitive elements (eMLREs) by efficient cloning and genotyping
methods. DNA Res. 2001; 8(1):33–45. https://doi.org/10.1093/dnares/8.1.33 PMID: 11258798.
44. Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC, et al. UCSF Chimera—a
visualization system for exploratory research and analysis. J Comput Chem. 2004; 25(13):1605–12.
https://doi.org/10.1002/jcc.20084 PMID: 15264254.
45. Webb B, Sali A. Comparative Protein Structure Modeling Using MODELLER. Curr Protoc Bioinformat-
ics. 2014; 47:5.6.1–32. https://doi.org/10.1002/0471250953.bi0506s47 PMID: 25199792.
46. Shapovalov MV, Dunbrack RL Jr. A smoothed backbone-dependent rotamer library for proteins derived
from adaptive kernel density estimates and regressions. Structure. 2011; 19(6):844–58. https://doi.org/
10.1016/j.str.2011.03.019 PMID: 21645855; PubMed Central PMCID: PMC3118414.
Genetics of cerebellar ataxia in the Norwegian Buhund
PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008527 January 30, 2020 20 / 20
